I. INTRODUCTION
FOR sustainable energy production, renewable energy resources with high efficiency are needed. [1] [2] [3] One way to achieve a higher efficiency in sustainable energy production is to increase the temperature and pressure in the boiler section [4] of, for instance, biomass-fuelled power plants. [1] Higher temperature and pressure will increase the demand for improved high-temperature properties of the materials that operate in high-efficiency power plants. For the components in the boiler section, resistance to fireside corrosion and steamside oxidation, creep-rupture strength and fabricability are the most important material requirements. [1, [4] [5] [6] Austenitic stainless steels are commonly used for components within the energy-producing industry [1, [4] [5] [6] due to their high corrosion resistance, good creep resistance and excellent ductility, formability and toughness. [6] [7] [8] Advanced austenitic stainless steels are designed to withstand temperatures up to 923 K (650 C) or even 973 K (700 C).
At higher temperatures, the recovery phenomena of dynamic recrystallization (DRX) occurs. DRX is associated with recrystallized grains in the microstructure. [9] At higher temperatures, 973 K (700 C) and above, nickel-based superalloys are often used. [4] It has been reported that mechanical properties, like strength, may be significantly changed due to dynamic strain aging (DSA). [10, 11] DSA can lead to an increase in flow stress and strain hardening rate. [12, 13] Austenitic stainless steels show DSA in a temperature range from 473 K to 1073 K (200 C to 800 C), [14] [15] [16] which includes both the operating temperatures of today's power plants and the elevated operating temperatures for future power plants. [5] DSA originates from interaction between solute atoms and dislocations during plastic deformation. Under plastic flow, dislocations are gliding until they come across an obstacle where they are stationary until the obstacles are surmounted. When the dislocations are stationary, solute atoms can diffuse towards the dislocations which results in an increase in the activation energy for further slip and, consequently, also an increase in the stress needed for overcoming the obstacle. [15, [17] [18] [19] [20] At temperatures below 623 K (350 C), carbon is proposed to be responsible for DSA while nitrogen and/or substitutional chromium atoms are proposed to be responsible at higher temperatures above 673 K (400 C). [10, 21] DSA is characterized by serrated yielding in the stress-strain curve, denoted as Portevin-Le Chaˆtelier (PLC) effect or jerky flow. The PLC effect is caused by the pinning and unpinning of dislocations. [13, 16, 22, 23] There are different types of PLC effects, designated A to D. [13, 16, 23] Type A is considered as locking serrations which abruptly rise and then drop to a stress level below the general level. Type B is characterized by small oscillations around the general level of the curve. Type C leads to unlocking serration which is when the curve abruptly drops below the general stress level. Type D is characterized by plateaus on the curve. [23] Serrated yielding may also come from other mechanisms, e.g. deformation-induced twinning. [24] Austenitic stainless steels are more cost-effective than nickel-based alloys due to a lower amount of expensive alloying elements. Recently, advanced, highly alloyed, heat-resistant austenitic stainless steels have been developed, such as Sandvik Sanicroä 25 (Sanicro 25). [25] These alloys have improved high-temperature properties, for instance, creep strength, compared to other austenitic stainless steels used for high-temperature applications. However, the influence of temperature on deformation mechanisms and mechanical properties is not yet fully understood for these relatively new high-temperature-resistant austenitic stainless steels.
This study focuses on the deformation mechanisms at elevated temperatures for three commercial austenitic stainless steels and two commercial nickel-based alloys. The alloys were characterized in terms of microstructure, mechanical properties and stress-strain response. The alloys cover a range from relatively low alloyed austenitic stainless steel (e.g. AISI 316L) to nickel-based alloys (e.g. Alloy 617) and the interesting area between austenitic stainless steels and nickel-based alloys consisting of the advanced, highly alloyed, heat-resistant austenitic stainless steel Sanicro 25. The different austenitic alloys were tested by uniaxial tensile testing at different elevated temperatures from 673 K (400 C) up to 973 K (700 C). Their stress-strain response was analyzed and the deformation mechanisms were characterized by scanning electron microscopy (SEM).
II. MATERIALS AND EXPERIMENTAL PROCEDURES

A. Materials
Three commercial austenitic stainless steels, Sanicro 25, AISI 310 and AISI 316L, and two commercial nickel-based alloys, Alloy 617 and Alloy 800HT, were used in this study. Table I lists the chemical composition. All five materials were supplied by AB Sandvik Materials Technology. The alloys were solution heattreated, according to Table II, before the specimens were cut. Figure 1 displays the microstructures of Alloy 617 and Sanicro 25 in as-received condition; the nickel-based alloy had larger grains than the stainless steel and both microstructures contained annealing twins formed during the manufacturing process.
B. Mechanical Test Procedure
Uniaxial tensile tests were performed to obtain the stress-strain response. Ductility, yield and tensile strength values were taken from engineering stressstrain curves. Strain hardening rate values and plastic strain were obtained from true stress-strain curves that were calculated from the engineering stress and strain values. For the tensile testing, a Roell-Korthaus tensile test machine equipped with a MTS 653 furnace and a Magtec PMA-12/2/VV7-1 extensometer was used. All the tensile tests were performed according to the standard EN 10 002-1. Round bar specimens, 5 mm in diameter and 50-mm gauge length, were used. The tensile tests were carried out using a strain rate of 2 Â 10 À3 s À1 . Six temperatures were tested: 296 K (23 C), i.e. room temperature (RT), as a reference, and 673 K, 773 K, 873 K, 923 K and 973 K (400 C, 500 C, 600 C, 650 C and 700 C).
C. Microstructural Analysis by Scanning Electron Microscopy
The SEM techniques electron channelling contrast imaging (ECCI) and electron backscatter diffraction (EBSD) were used to characterize the deformed microstructure. All microstructural analyses were conducted after failure or in as-received condition. Before the investigation, the cross-sections parallel to the deformation axis of the specimens were cut, using an electric discharge wire to minimise the effects of surface hardening. The specimens were then carefully mechanically ground and polished according to the procedure in Reference 26. Three areas in the microstructure were used to characterize the deformation using ECCI. The locations were approximately 0.6, 6.0 and 12.0 mm from the fracture surface and equal in width to the specimen's diameter. ECCI is a powerful SEM technique to image deformation, damage and even dislocation and twin structures in highly deformed alloys by using backscattered electrons. ECCI uses the interaction between backscattered electrons and the crystal planes to generate contrast, resulting in an image where local misorientation, defects and strain fields are shown as contrast variations. [27, 28] For the ECCI observations, a Zeiss Crossbeam instrument (XB 1540, Carl Zeiss SMT AG, Germany) was used, consisting of a Gemini type field emission gun (FEG) electron column. ECCI was performed at 10-kV acceleration voltages and a working distance of 5 mm, using a solid-state four-quadrant BSD detector.
The EBSD technique was used to analyse the twin structure. EBSD was performed in a HITACHI SU-70 FEG-SEM equipped with an OXFORD EBSD detector. EBSD maps were measured at 15-kV acceleration voltage and a working distance of 25 mm and the EBSD maps were produced using a step size of 0.1 lm. The HKL software CHANNEL 5 was used for the microstructure evaluation.
III. RESULTS
A. Mechanical Response
The engineering stress-strain curves at all tested temperatures are shown in Figures 2 and 3 , and summarise some of the derived material parameters as a function of temperature. As seen in Figure 3 , all materials exhibited decreasing yield strength (0.2 pct proof stress), as well as tensile strength, with increasing temperature.
The temperature dependence of ductility (strain to rapture), however, was different for the studied materials. Three different ductility responses could be distinguished, as seen in Figure 3 (c). AISI 316L and AISI 310 showed decreasing ductility with increasing temperature compared with RT. Sanicro 25 and Alloy 800HT had ductilities that initially increased until reaching 973 K and 923 K (700 C and 650 C), respectively, where they dropped compared to RT. Alloy 617 showed a ductility at elevated temperatures that was higher compared with RT. Figure 3 (d) displays the strain hardening rates for all alloys (taken as the mean strain hardening rate in the 5-to 15-pct plastic strain interval). Some differences in hardening behavior between the materials were observed. The lower-alloyed stainless steels, AISI 316L and AISI 310, showed a rapid decrease in the strain hardening rate as the temperature exceeded 873 K (600 C). The more highly alloyed stainless steel, Sanicro 25, and the nickel-based alloys showed a relatively linearly decreasing strain hardening rate with increasing temperature. At 973 K (700 C), Sanicro 25 showed a sudden increase in strain hardening rate.
Additionally, serrated yielding was observed in all materials at all or some of the elevated temperatures, as seen in Figure 2 . A certain dependence on chemical composition was observed. The comparably low-alloyed stainless steels, AISI 316L and AISI 310, showed serrated yielding from 873 K to 973 K (600 C to 700 C), shown for AISI 316L in The serrated yielding can be described by the different PLC types related to DSA. AISI 316L showed PLC type A, A and B+C and AISI 310 showed PLC type A, A and A+B for 873 K, 923 K, and 973 K (600 C, 650 C, and 700 C), respectively. Sanicro 25 showed PLC type C, C, A and C for 773 K, 873 K, 923 K, and 973 K (500 C, 600 C, 650 C, and 700 C), respectively. Alloy 617 showed PLC type B, B, B, B and B+C and Alloy 800HT showed PLC type A+B, A+B, B, B and B+C for 673 K (400 C), 773 K, 873 K, 923 K, and 973 K (500 C, 600 C, 650 C, and 700 C), respectively. 
B. Deformation Mechanisms in Austenitic Stainless Steels and Nickel-Based Alloys
At room temperature, deformation mechanisms such as planar slip, slip bands and deformation twins were active and could be observed in the microstructure, as shown in Figure 5 . The deformation behavior was similar for all materials. Close to the fracture surface, all materials showed severe plastic deformation involving multi-directional slipping as well as twinning. All materials exhibited a ductile fracture surface, as shown for Sanicro 25 in Figure 6 (a). The ductile character of the fracture also persisted at elevated temperatures, as seen in Figure 6 (b) for Sanicro 25 at 873 K (600 C). At elevated temperatures, although the main deformation mechanisms were the same as at room temperature, certain differences could be observed between the different alloys and testing temperatures. Deformation twins were found in the studied materials, despite deformation twinning being unusual in austenitic stainless steels at temperatures above 0.2 times the absolute melting temperature. [24, 29] The investigated materials, except AISI 316L, however, showed deformation twinning at elevated temperature both in single and multiple directions; Figures 7 through 10 show deformation twins in AISI 310, Sanicro 25, Alloy 800HT and Alloy 617. Figure 7 show deformation twins at 923 K (650 C) for all alloys where deformation twinning was active at elevated temperature. By using EBSD, a deformation twin in Alloy 617 at 923 K (650 C) was detected in Figure 8 ; an angular difference of 60 deg indicates twin boundaries. Figure 9 show deformation twins at RT and up to 873 K (600 C) in AISI 310. Figure 10 show deformation twins at RT and 923 K (650 C) in Sanicro 25 and Alloy 617. At the higher of the studied temperatures, recovery mechanisms, such as dynamic recrystallization (DRX), became more dominant in the lower-alloyed stainless steel AISI 316L. It showed subgrains as an early stage of DRX and recrystallized grains at grain boundaries, as shown in Figure 11 . Figures 11(a) and (b) are ECCI micrographs showing DRX structures at or near grain boundaries. Figure 11(c) is an overveiw SEM micrograph in secondary electron mode showing grain boundaries with precipitates and the area which was EBSD-analyzed. Figure 11(d) shows an EBSD map displaying the Euler angles and the black lines corresponds to grain boundaries larger than 3 deg. Figure 11 (d) shows that recrystallized grains have been formed at the original grain boundaries, which are marked in Figure 11 (c).
The main mechanisms contributing to material damage from local stress or strain intensity, were large deformation bands and/or slip bands creating local damage when intersecting with other deformation/slip bands or with grain boundaries. The deformation bands seemed to contain bundles of slip bands or shear bands; Figure 12 
IV. DISCUSSION
A. Mechanical Properties at Elevated Temperature
Austenitic stainless steels and nickel-based alloys are considered to have satisfactory ductility at elevated temperatures but with lower stress-carrying abilities. AISI 316L and AISI 310 showed a drop in ductility already at intermediate temperatures compared to RT. The increase in ductility at 973 K (700 C) for AISI 310 should be treated with care since it represents one specimen. Sanicro 25 and Alloy 800HT showed increasing ductility with increasing temperature until it dropped at 923 K and 873 K (650 C, 600 C), respectively, compared to RT. Alloy 617 showed increasing ductility with increasing temperature for all elevated temperatures compared to RT. The damage mechanisms found did not differ considerably between the alloys at elevated temperature, except for damage related to DRX in AISI 316L which is described later, and cannot explain the differences in ductility. All materials in the present study have similar crystallographic structure and are stable at elevated temperatures. Thus, the differences in ductility may depend on chemical composition. In terms of ductility, the alloys rank in order of increasing ductility from: AISI 316L/ AISI 310 ! Alloy 800HT/Sanicro 25 ! Alloy 617. This correlates reasonably well with the alloys' corresponding nickel content. Deformation twinning, which has been observed at elevated temperature for all alloys, except AISI 316L, may increase ductility by twinning-induced plasticity (TWIP). [30] Low amounts of nickel and the absence of deformation twins partly explain the low ductility of AISI 316L at high temperature. However, AISI 310 showed deformation twinning but the ductility decreased as compared to AISI 316L. Hence, deformation twinning cannot alone explain the better ductility of Sanicro 25, Alloy 800HT and Alloy 617 at elevated temperature. The amount of nickel seems to be important for the high-temperature ductility. The marked drop in ductility for Sanicro 25 at 973 K (700 C), as seen in Figure 3 (c), coincides with a sudden increase in the strain hardening rate, as seen in Figures 3(d) and 13(c) . A possible explanation could be a rapid onset of nano-sized precipitate formation at this temperature that was found by Chai et al. [25] To be sure of the existence of nano-sized precipitate that forms rapidly at 973 K (700 C) in Sanicro 25, other microstructural analysis techniques are needed; a transmission electron microscopy (TEM) study is suggested for further investigation.
High-temperature strength may be achieved through solid solution hardening and by precipitation at high temperature. Given the chemical composition of the studied alloys, the following strengthening mechanisms may be expected: Precipitates, such as carbonitrides formed from elements such as carbon, nitrogen, niobium and titanium, increase the high-temperature strength. Elements such as molybdenum, tungsten, nitrogen and carbon are responsible for increasing the high-temperature strength by solid solution hardening. Chromium and nickel are known to increase the high-temperature strength, [31] and the yield strength in Figure 3 (a) and the tensile strength in (b) seem to, to some extent, follow that; when chromium and nickel contents are increased, the high-temperature strength also increases. The yield strengths of Sanicro 25 and Alloy 617 showed slight inclines, whereas AISI 310 showed a steeper incline with increasing temperature; this is attributed the higher amount of solid solution hardening element in Sanicro 25 and Alloy 617 compared to AISI 310. The reason for the higher yield strength with increasing temperature of AISI 310 compared to Alloy 800HT is believed to be the higher amount of chromium in AISI 310. Despite this, the tensile strengths with increasing temperature are rather the same, which is attributed to the higher amount of precipitation-hardening elements in Alloy 800HT compared to AISI 310. The microstructural analysis techniques used in this study could not reveal the assumed nano-scaled precipitates in Alloy 800HT; a TEM investigation is suggested for further investigation.
To further analyse the stress-strain curves in Figure 2 and the mechanical properties in Figure 3 , the strain hardening rate as a function of true plastic strain is plotted in Figure 13 . Figure 13(a) shows a comparison of all materials at 873 K (600 C) and Figures 13(b)  through (d) gives examples of the strain hardening rates for different alloys. Figure 13(a) shows that AISI 316L and AISI 310 had high strain hardening rates initially, but they decreased during plastic deformation, and the other three alloys showed an increasing or nominally flat strain hardening rate during most of the plastic deformation. AISI 316L displayed a decreasing strain hardening rate with increasing true plastic strain at elevated temperatures, as seen in Figure 13(b) . The strain hardening rate of AISI 316L was expected be low due to low amounts of solid solution-strenghtening and precipitation-hardening elements. Sanicro 25 first increased in strain hardening rate with increasing strain until a certain true plastic strain level was reached where it, from then on, decreased with further deformation, as shown in Figure 13 (c). Alloy 617, as seen in Figure 13(d) , showed an increase in strain hardening rate with increasing true plastic strain essentially all the way until fracture at elevated temperatures. The latter two alloys were expected to exhibit a high strain hardening rate due to strengthening mechanisms such as solid solution and precipitation stenghtening. In addition, DSA may increase the strain hardening rate in austenitic stainless steels, but since all alloys showed signs of DSA, even AISI 316L and AISI 310, it cannot be the single reason for the differences. Deformation twinning may also increase the strain hardening rate. [30] However, AISI 310 showed no increase in strain hardening rate during plastic deformation even though it experienced deformation twinning.
In Figure 4 , serrated yielding from some of the curves in Figure 2 are presented. Each curve was characterized with a PLC type and the serrated yielding was attributed to DSA. However, serrated yielding from deformation twinning cannot be precluded in the stress-strain curves, especially not at higher strain levels. Deformation twins were often found closer to the fracture surface and are related to higher stress levels which was experienced at high strain levels and closer to fracture. The differences of PLC types seems not to correlate to the differences of mechanical properties in Figure 3 or the active deformation mechanisms.
B. Deformation Mechanisms at Elevated Temperature
The investigated materials showed planar dislocation-driven deformation at elevated temperatures, as shown in Figures 12(a) and (b) . Along the path indicated by arrow (B) in the EBSD map in Figure 14 , a more continuous change in misorientation indicates dislocation activity, like planar slip and slip bands.
It is interesting that deformation twins were found at elevated temperatures. Deformation twinning usually does not occur in austenitic stainless steels at the tested temperatures. [24, 29, 32] Deformation twins as shown in Figures 7 through 10 , and the surrounding area, was further studied by EBSD; Figure 14 shows an EBSD map of a few twins in a specimen tested at 923 K (650 C). The crystallographic orientation is displayed according to the colored stereographic triangle. The misorientation profiles in Figure 14 show variations in orientation along the directions marked by arrows (A) and (B). Arrow (A) shows an angular difference of 60 deg, indicating twin boundaries. To further analyse the deformation twining at elevated temperature in austenitic stainless steels and nickel-based alloys, a TEM investigation is suggested.
Deformation in austenitic stainless steel depends on the stacking fault energy (SFE). SFE is influenced by the alloying elements [33] and temperature. [34] Deformation twinning is active in the interval 18 SFE 45 mJ m À2 . [35] Under 18 mJ m À2 , phase transformation from an austenitic phase to a martensitic phase is favored, and above 45 mJ m À2 , the deformation process is controlled by dislocation glide. [30] The low-alloyed steels can be assumed to have an SFE of 25± 5 mJ m À2 [36] and the nickel-based alloys an SFE of 45± 5 mJ m À2 [37] at RT. Since the SFE increases with increasing temperature, [34] dislocation glide should be the favored deformation mechanism, at least in the nickel-based alloys. This was also supported by deformation mechanisms characterization using ECCI and EBSD. However, deformation twinning was active and often found closer to the fracture surface along with dislocation-driven deformation.
Deformation twinning is usually restricted in austenitic stainless steels at elevated temperature due to low stress levels. [24, 29, 32, 38] Lin Peng et al. [39] reported that plastic deformation in austenitic stainless steels occurs by planar slip, followed by formation of stacking faults and eventually multi-directional slipping. Only at higher plastic strains does twinning become the dominant deformation mechanism as grains that favor slip become exhausted. [39, 40] The deformation twins were found close to the fracture surface, which could mean that deformation twins were activated close to the fracture in the deformation process where the stresses were high. The high stress levels needed to activate deformation twinning at elevated temperatures and close to the fracture surface could also be supported by DSA, as proposed by Yapici et al. [32] However, AISI 316L did not show deformation twinning even though it experienced DSA at elevated temperatures; it, instead, showed DRX at elevated temperature and close to the fracture surface. The existence of deformation twins at elevated temperature and high SFE is probably due to preserved high-temperature strength from solid solution and precipitation strengthening supported by DSA. These strengthening mechanisms and the higher stresses close to the fracture in the deformation process, leads to stress levels high enough to activate deformation twinning, in all tested alloys except AISI 316L, which instead showed DRX.
At higher temperatures, when the recovery mechanisms are active, AISI 316L shows damage at grain boundaries, as can be seen in Figures 11(a) and (b) . The dislocation density is increasing as the plastic deformation proceeds at the grain boundaries, as severe plastic deformation in Figures 11(a) and (b) , suppressing further deformation. If the recovery occurs, i.e. formation of subgrains and recrystallization at the grain boundaries, as shown in Figures 11(c) and (d), they will soften the grain boundary regions and dislocations can again multiply in these regions. If this process is repeated, it will initiate microcracks, as shown in Figures 11(a) and (b) , at the grain boundaries which may lead to fracture and lower ductility. [41] V. CONCLUSIONS was performed. Subsequent study of the microstructure, by ECCI and EBSD, led to the following conclusions:
The investigated materials show planar dislocation-driven deformation at elevated temperature, and deformation twinning is an active deformation mechanism even at elevated temperatures up to 973 K (700 C) in austenitic stainless steels. Varying influence of temperature on ductility was observed, where a better high-temperature ductility is governed by a higher amount of nickel. 
